ABSTRACT: Systolic longitudinal myocardial function is important for cardiac ejection. Data describing hemodynamic determinants and the time course of myocardial longitudinal contraction as measured by tissue Doppler are lacking. Ten newborn pigs were used for invasive hemodynamic investigation. Tissue Doppler assessment of the lateral part of the mitral valve annulus during systole was performed during pharmacological modulation of inotropy, cardiac pacing, and modulations of loading conditions. The strongest association was found between peak systolic velocity (SЈ) and peak systolic flow (PSF) and end-systolic pressure (ESP), respectively (␤ ϭ 0.09 cm/mL, p Ͻ 0.001 and ␤ ϭ Ϫ0.07 cm/mL, p ϭ 0.003). Displacement (D) was mostly influenced by stroke volume (SV) (␤ ϭ 0.05 cm/mL, p Ͻ 0.001). Ejection time, SV, ESP, maximum first derivative of pressure (dP/dt max ), and PSF were all associated with SЈ and D under different states of hemodynamic modulation; however, the ratio between PSF and SЈ, SV, and D were stable during hemodynamic modulations. Normalized cross correlations indicate that SЈ and D follow the same trajectory as flow and SV, respectively. In conclusion, this study provides validity of accounting systolic D in the long axis as the longitudinal contribution to SV and peak systolic tissue velocity as the longitudinal contribution to PSF. S ystolic excursion and motion of the mitral valve annulus has been evaluated for myocardial function in both children and adults (1,2). It is easily obtainable in most patients and has the potential of being a routine parameter for assessment of myocardial function (3). Most available data are generated on the basis of studies in adults or experimental data from mature animal studies. In children, data are being published, but validated data explaining changes that occur within and between individuals at all age groups are lacking (4).This study was designed to possibly understand the nature of longitudinal peak systolic velocity (SЈ) and systolic displacement (D) when acting under the influence of hemodynamic changes in small individuals. Neonatal pigs were chosen because of the similarity to human neonates with regards to heart size and heart rate (HR).
Norway). A 7-MHz probe was chosen for imaging (Model S7, GE healthcare, Vingmed). The mean frame rate at intrinsic HR was 401 Hz (min-max; 323-491Hz). Color-coded tissue Doppler tracings were acquired with no filtering or smoothing. Raw data were transferred for off-line analyses to allow for synchronization with the simultaneous acquired hemodynamic data in the AcqKnowledge software. In this software, the tissue velocity traces were transformed to D using the integral function. For stability of the hemodynamic, comparison tracings were excluded within three beats after an extra systole. Maximum and minimum values from at least six consecutive beats were also excluded. Recordings of both tissue Doppler velocity and derived data were displayed together with the simultaneous synchronized hemodynamic data on a screen. Single representative heartbeats were chosen for analyses to allow for comparison with simultaneous hemodynamic data.
Study protocol. Tissue Doppler was done at baseline, during modulation of loading and during two different inotropic states, with infusions of, respectively, esmolol (Brevibloc, Baxter, Oslo, Norway) 500 g/kg/min bolus followed by an infusion of 100 g/kg/min with stepwise increase until 20% LVP reduction was reached, and dobutamine (Hameln, Hameln Pharma plus GmbH, Germany) 10 -20 g/kg/min, aiming at LVP increase of 20%. At each stage, right atrial pacing was done to measure the effect of HR increase. All measurements were simultaneously recorded and stored. All assessments were performed during apnea.
Statistics. Values are expressed as mean Ϯ SEM. For analyses of repeated measurements, we used linear mixed models with structured covariance matrix (SPSS 14, SPSS Inc, Chicago, IL) (6) . Appropriate covariance structure with the lowest Akaike's information criterion (AIC) was chosen. AIC is a measure of the goodness-of-fit of a statistical model with a lower AIC indicating a better fit. The proposed dependants (Y), peak systolic velocity (SЈ), or D were assessed by inclusion of one or more of the basic or derived hemodynamic determinants (X): stroke volume (SV), ejection time (ET), LVP or end-systolic pressure (ESP), peak systolic flow (PSF), effective arterial elastance (E a ), and/or maximum dP/dt (dP/dt max ) into the linear model:
When appropriate, logarithmic transformation was done based on visual inspection of the residuals. The parameter estimate (␤) indicates the magnitude and directional change in the tissue Doppler parameter for a one-unit increase in the corresponding variable. When logarithmic transformation was done, ␤ indicates a one-unit increase for the transformed parameter. In multivariate analyses, models were built by including a combination of basic hemodynamic parameters and derived parameters as seen in Figure 1 . Multicollinearity was assessed in a linear regression model and considered neglectable when the variance inflation factor was found to be less than 5. However, care was taken to avoid mixing-related hemodynamic parameters in the multivariate models. Statistical differences between the groups (inotropy, HR) are based on estimated marginal means with Bonferroni correction of the estimated marginal means from the linear mixed models analyses. Linear regression models used were appropriate. p Ͻ 0.05 was considered as the level of statistical significance.
Normalized cross correlation. Adaptive template matching (AcqKnowledge software) was used and a full cardiac cycle template was generated from the SV/flow trace for normalized cross correlation with the D trace and velocity trace, respectively.
RESULTS
Relationships between peak systolic velocity and hemodynamic variables. Table 1 displays the results from multivariate linear mixed models which included the pooled data from This table include pooled data from baseline, esmolol, and dobutamine at intrinsic and paced heart rate. The models are ranged by decreasing AIC which indicates a better goodness-of-fit. Values are mean Ϯ SEM. Model building was based on the basic hemodynamic variables SV, ET, and ESP and substitution of these by derived parameters (E a , PSF, dP/dt max ). First, SV, ET, and ESP were included, and then to avoid multicollinearity, SV and ET were substituted with PSF, ET, and ESP with dP/dt max and SV and ESP with E a , one at the time. If one of these parameters were found not to have significant impact on the model they were excluded, the model was retested until only parameters with significant impact remained. If more than one parameter had significant impact on the model, the one with a higher p-value was removed and AIC compared between the two. The models with the higher AIC (poorer goodness-of-fit) were excluded. Only parameters with significant impact on the model were included and AIC compared and the models ranged. The ␤ corresponds to the transformed parameter when appropriate.
baseline, esmolol, and dobutamine challenge, at both intrinsic and paced high HR. Modeling was based on the three basic hemodynamic parameters: SV, ESP, and ET. The model that determined SЈ with the best fit included PSF and ESP as determinants. This model indicated that a change in PSF of 10 mL/s would change SЈ by 0.9 Ϯ 0.1 cm/s, and a change in ESP of 10 mm Hg would reduce SЈ by 0.6 Ϯ 0.2 cm/s. Adjusting for this relationship in a statistical model, equalized the changes caused in SЈ by pharmacological modulation of inotropy and atrial pacing at a higher HR. Moreover, the overall ratio between PSF and SЈ was 9.5 Ϯ 0.6 mL/cm in the pooled data, with no differences found between the inotropic states at different HRs. On the other hand, we found an association between ESP and the PSF/SЈ ratio (␤ ϭ 0.11 Ϯ 0.04, p ϭ 0.006). Adjusting for this relation did not alter the stability of this ratio toward change in inotropy and HR by pacing.
Relationship between D and SV. The best model to determine D included SV only. An increase in SV by 10 mL corresponded to a 5 Ϯ 0.7 mm increase in D. The overall ratio between SV and D was 10.3 Ϯ 0.4 mL/cm at normal and paced HR and at all inotropic states. The ratio did not change between the groups of different inotropy or HR.
Normalized cross correlation. The correlation coefficients between the flow curves and tissue Doppler velocity curves were 82 Ϯ 2%, 82 Ϯ 3%, and 84 Ϯ 2% for baseline, dobutamine, and esmolol at intrinsic HR, respectively. Between SV curves and displacement curves, the correlation coefficients were 96 Ϯ 1% at baseline, 95 Ϯ 1% with dobutamine, and 95 Ϯ 1% during esmolol with intrinsic HR (Fig. 2) .
Impact of heart weight on hemodynamic and tissue velocity data. Because SV was found to predicate D, we tested whether heart weight would be associated with D. At baseline and intrinsic HR, the association between heart weight and SV was R ϭ 0.8 and ␤ ϭ 0.04 mL/g (p ϭ 0.006) and between heart weight and D R ϭ 0.9 and ␤ ϭ 0.02 cm/g (p Ͻ 0.001).
Hemodynamics. Table 2 shows the hemodynamic data at all inotropic states and HRs, except for stroke work (SW) that was only included during intrinsic HR. E a decreased with dobutamine, indicating a decrease in afterload. SV and pressures did not change. All parameters related to time intervals increased during positive inotropy modulation compared with baseline and esmolol. Only SW decreased during the esmolol infusion compared with baseline. ET declined with pacing at a shorter cycle length than the intrinsic rhythm and SV decreased during pacing at high HRs.
Effect of inotropic change and right atrial pacing on longitudinal function. Changes in longitudinal tissue Doppler velocity parameters and derived parameters are displayed in Table 1 and representative traces in Figure 2 . SЈ increased during dobutamine infusion compared with baseline and esmolol infusion. This pattern did not change with pacing at a higher HR. No changes were seen in SЈ with pacing at each stage compared with intrinsic heart rhythm. We did not observe any changes in D during the different inotropic stages, but during pacing D declined at all stages compared with baseline values.
Preload modulation. Table 3 shows the effect of altering preload on hemodynamic and tissue Doppler measurements. Significant end-diastolic volume (EDV) reduction was reached at heartbeat four. This was reflected in SЈ, D, ET, and LVP. SV and dP/dt max which reached significant reduction at heartbeat five. No changes were found in PSF. SV, ET, LVP, dP/dt max , and PSF were included in a linear mixed model to assess the association with SЈ and D. PSF and LVP were found to be the strongest determinants of SЈ (␤ ϭ 2.2 ϫ 10 Ϫ3 Ϯ 0.6 ϫ 10
Ϫ3
, p Ͻ 0.001 and ␤ ϭ 0.02 Ϯ 0.01, p ϭ 0.024, respectively), while LVP was found to be the strongest determinant of D (␤ ϭ 0.12 Ϯ 0.01, p Ͻ 0.001). When the model was adjusted for PSF and LVP, no changes were found in SЈ during preload manipulation, while no changes was found in D when adjusted for LVP. Table 3 shows the effect of preload reduction on the ratio between SV and D and the ratio between PSF and SЈ. SV/D increased after the sixth heartbeat representing a reduction in EDV of 11%. For the ratio PSF/SЈ, no changes were seen.
Afterload modulation. Table 4 displays the effects of occlusion of the descending aorta on hemodynamic and tissue Doppler measurements. E a increased at heartbeat four after occlusion, while PSF, D, and ET did not change during the challenge. SV and SЈ decreased at heartbeat four and five, respectively, while end-systolic volume (ESV) and dP/dt max increased at heartbeat four. SV, ET, PSF, E a , and dP/dt max were included in a linear mixed model, in the same way as for preload modulation, to look at the impact on SЈ and D during afterload challenge. PSF and E a were found to be the strongest determinants of SЈ (␤ ϭ 0.04 Ϯ 0.01, p Ͻ 0.001 and (␤ ϭ Ϫ0.05 Ϯ 0.01, p Ͻ 0.001, respectively), and SV was found to be the strongest determinant of D (␤ ϭ 0.05 Ϯ 0.01, p Ͻ 0.001). When the model was adjusted for PSF and LVP, no changes were found in SЈ. Similar to this, no changes were found in D when the model was adjusted for SV. Afterload plays an important role for SЈ. An increase in afterload of about 20% will reduce SЈ by 11%, while an increase in PSF by 15% will increase SЈ by 15%. Table 4 shows the effect of afterload increase on the ratio between SV and D and the ratio between PSF and SЈ. Despite an increase in E a , SV/D and PSF/SЈ did not change during this challenge. Replacing PSF and SV with S and D. Figure 3 shows only minor variations from beat-to-beat enhancing the representative value of longitudinal tissue D as a surrogate for SV. Furthermore, tissue velocity and flow followed similar trajectories. A loop of pressure-displacement was constructed in a similar fashion to that of the well-known pressure-volume loops. A pressure-displacement loop displayed together with the pressure-volume loop exemplifies the amount of SW (area of the loop) that is contributed to by D in the long axis (Fig. 4) .
DISCUSSION
This study shows how systolic velocity represents longitudinal contribution to systolic flow, while systolic longitudinal D represents the contribution to SV. The link between D and SV is well known, but some controversies regarding absolute contribution exist (7) (8) (9) (10) . In this study, the longitudinal contribution to PSF and SV was relative stable through both pharmacological and HR modulation and during modulation of the loading state of the ventricle. This was underlined by minor changes in the PSF/SЈ ratio and SV/D ratio only. The importance of this finding is supported by the evolving importance of the longitudinal function in the adult population (11) (12) (13) . Our data support the prominent contribution of the long axis to cardiac ejection by the close relation and cross correlation of the respective curves (Figs 2 and 3 ). This may not be uniform with increasing body size, and the short axis function may be more prominent in smaller individuals (14) . The influence of afterload on SЈ was evident and in keeping with others (15) (16) (17) .
Our data are somewhat in contrast to the extensive tissue Doppler data of Eidem et al. (18) which include data from infancy to adolescence. Although a negative correlation between SЈ and HR and a positive correlation between SЈ and left ventricular end-diastolic diameter are established in this study, our data suggest PSF to be the most important determinant of SЈ. Hence, SЈ increases with HR when SV is kept constant and vice versa. Table 2 shows the effects of pacing on the hemodynamics. The between-individuals data in Eidem et al. study are in contrast to the within-individuals data in our study. One explanation is in the different allometric scaling of HR and SV during growth (14) . HR decreases with age, while SV increases. The netto effect is, however, an increase in PSF and SЈ. Hence, regarding our data, SЈ increases with PSF which increases with age. The same applies to the comparison of SЈ between neonates and children (19) . In this way, our data contribute to the understanding of changes in tissue Doppler velocity and displacement among and within individuals.
The normalized correlation coefficients showed a very close correlation for longitudinal D compared with SV, with an overall fit of more than 90%. This was lower, but still above 80%, for longitudinal tissue Doppler velocities compared with PSF. The reason for the different correlation between SЈ and PSF and D and SV could be different signal to noise ratios. The best fit was found between D and volume, which both have a high signal to noise ratio, while derivation of the volume signal decreases the signal to noise ratio for PSF. On the other hand, the lack of a perfect fit between the PSF and tissue velocity curve needs to be explained (Fig. 2) . The lack of fit between the two curves suggests that contributors, other than the long axis, support PSF during systolic contraction. Short-axis contribution to PSF is probably one of the main reasons for the lack of fit, and simultaneous tissue Doppler curves of both short and long axis should be scaled and merged to fit the true ventricular flow curve, to understand the contribution of both. Because radial and longitudinal contribution to PSF may change during the cardiac cycle and respond different to loading conditions, the assessment of this relationship may be difficult. Oki et al. (20) have shown that afterload may influence short axis velocity less than longitudinal velocity during early systole, while this relationship changes during late systole.
The newborn pigs in this study ranged from 2.5 to more than 6 kg. Positive correlations were found between heart weight and SV, and even stronger between heart weight and D. This indicates that the validity of D representing SV during rapid growth in the neonatal period holds true. Furthermore, this indicates that D is nonlinearily related to age in the same way as SV and heart weight. The key to the understanding of the relationship between tissue Doppler data and body size is to be found in allometric scaling laws (14) .
To extrapolate the relatively constant relations between PSF and SЈ, SV and D onto the general population is probably not appropriate at this stage, because of dissimilarities between the human and porcine heart and should be further evaluated in humans. Heart size and SV are determined by body size (21) . SV scales allometrically to body size by a power of 1.5 (22) . The scaling of D toward SV and body size could be influenced by a change in the dominance of the longitudinal function with growth. Scaling of D and SV with growth or heart size is therefore important to assess (23, 24) . Because both SV and ET scales differently to body size, the different impact of ET and SV on SЈ may change during developmental growth (14, 25, 26) . ET is determined mainly by HR and inotropic state (27) (28) (29) . ET and cardiac output are likewise scaled to body size, indicating the importance of body size as an important determinant of SЈ (14, 25) . Therefore, the effect of ET, SV, and inotropic state on SЈ is important to consider in children at different ages. This interplay between the hemodynamic variables is well documented in the afterload challenge (Table 4) . As afterload increases; inotropy, represented by dP/dt max , increases (Anrep effect), SV decreases and ET increases, while SЈ decreases. An increase in dP/dt max would normally increase PSF and hence SЈ, while increased afterload would reduce myocardial contraction velocity (16, 30) . Although PSF was relatively stable in our experiment, PSF and E a were found to be the most important determinants of SЈ during afterload increase. SV reduction during aortic occlusion was associated with a reduction in SЈ, despite an increase in dP/dt max and E a . PSF and the ratio between PSF and SЈ did not change during afterload increase. For preload reduction, the pattern is different (Table 3) ; ET decreases, LVP, dP/dt max and SV decreases. PSF and LVP are found to be the main determinants of SЈ during preload reduction. This shows that in individuals of similar body size, SЈ changes in accordance with PSF, which again is determined by SV, ET, and inotropic state (Table 2) , while SЈ and D are expected to change with heart size. The hemodynamic responses to pharmacology and pacing seen in this study are comparable with that of others (31) .
In conclusion, this study provides validity of accounting systolic displacement (D) in the long axis as the longitudinal contribution to stroke volume (SV) and peak systolic tissue velocity (S=) as the longitudinal contribution to peak systolic flow (PSF).
